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Adoptive-transfer experiments with relatively
large input numbers (106) of T cell receptor-
transgenic (TCR-tg) T cells are widely used to
model endogenous T cell responses to infec-
tion or immunization. We show that input num-
bers of naive TCR-tg T cells sufficient to
squelch the endogenous response to the
same epitope substantially alter the kinetics,
proliferative expansion, phenotype, and effi-
ciency of memory generation by the TCR-tg
T cells in response to infection. Thus, re-
sponses from nonphysiologic input numbers
of TCR-tg T cells fail to accurately mimic the
endogenous T cell response. Importantly, seed-
ing as few as10–50 TCR-tg T cells, which con-
stitute a fraction of the endogenous repertoire,
allowed vigorous proliferation and analysis of
TCR-tg cells after infection in a scenario repre-
senting normal physiology for any individual
TCR. These data strongly suggest that model-
ing the endogenous T cell response with TCR-
tg cells will require every effort to approximate
the endogenous precursor frequency.
INTRODUCTION
Memory CD8+ T cells are generated after infections with
intracellular pathogens and provide enhanced protection
against reinfection, and therefore these cells are an
important goal of vaccination (Seder and Ahmed, 2003).
However, effective vaccine design is hampered by our
incomplete understanding of the factors controlling the
generation of memory T cells (Badovinac and Harty,
2006; Kaech et al., 2002b). Most estimates suggest that
the repertoire of naive CD8+ T cells capable of responding
to any specific antigen (Ag) ranges from 10–1000 cells per
mouse (Blattman et al., 2002; Bousso et al., 1998;
Casrouge et al., 2000; Kedzierska et al., 2006; Pewe
et al., 2004). These naive T cells are activated in secondarylymphoid tissue when they encounter mature Ag-express-
ing dendritic cells (DCs) (Heath and Carbone, 2001).
Activated Ag-specific CD8+ T cells then undergo robust
proliferation and differentiation to an effector T cell popu-
lation (T effector cells) that disseminates throughout the
body to combat the infection (Busch et al., 1998; Butz
and Bevan, 1998; Harty et al., 2000; Murali-Krishna
et al., 1998). In addition to acquiring the ability to kill and
produce cytokines, T effector cells undergo characteristic
changes in expression of surface molecules that regulate
T cell biology (Badovinac and Harty, 2006; Kaech et al.,
2002b).
Next, CD8 T cells undergo programmed contraction in
numbers, and this contraction occurs irrespective of the
duration of infection or Ag display (Badovinac et al.,
2002). The remaining Ag-specific CD8+ T cells, generally
representing 5%–10% the peak number, form the initial
memory pool. Under conditions where the pathogen is
cleared, memory CD8+ T cell populations can remain
remarkably stable in number (Badovinac and Harty,
2006; Kaech et al., 2002b). As might be predicted, cells
that initially survive contraction express a similar pheno-
type to effector T cells, with the exception that the fraction
of CD127hi cells increases and granzyme B (Gzmb)-
expressing cells rapidly decrease. The absence of
CD62L and CCR7 expression on these populations places
them in the ‘‘effector memory’’ (Tem) subset, which can-
not enter lymph nodes but are able to enter tertiary tissues
(Masopust et al., 2001; Sallusto et al., 2004). With addi-
tional time, memory CD8+ T cells undergo further changes
in phenotype and function including upregulation of
lymph-node homing receptors (Harrington et al., 2000;
Kaech et al., 2003; Sallusto et al., 2004; Schluns et al.,
2000; Wherry and Ahmed, 2004), which permit these
‘‘central memory’’ T cells (Tcm) (Sallusto et al., 2004) to
re-enter lymph nodes and undergo robust expansion in
response to secondary infection (Roberts et al., 2005;
Wherry et al., 2003).
Many of the surface proteins that distinguish naive ef-
fector and memory T cell populations have defined roles
that support their use as surrogatemarkers for functionally
distinct subsets. In addition, whereas some pathogens
elicit robust endogenous CD8+ T cell responses, readily
detectable by MHC class I tetramers, Ag-stimulatedImmunity 26, 827–841, June 2007 ª2007 Elsevier Inc. 827
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nous responses are not always detectable for some path-
ogens or protein Ag, where dominant epitopes may not be
known. For overcoming this limitation, TCR-tg cells have
been transferred to naive mice to increase, in a controlled
fashion, the number of naive Ag-specific precursors in the
recipient host. This extremely powerful approach allows
tracking of marked TCR-tg T cells, comparison of wild-
type and knockout TCR-tg T cells in the same host, and
the generation of very high numbers of Ag-specific effec-
tor and memory TCR-tg populations. In fact, pathogens
like Listeria monocytogenes (Foulds et al., 2002), Vesicular
Stomatitis Virus (Kim et al., 1998), and others have been
manipulated to express Ags such as ovalbumin, for which
defined epitopes and TCR-tg T cells (OT-1, OT-11, and
DO.11.10) exist.
On the basis of the initial description of this approach
(Kearney et al., 1994), most studies have employed adop-
tive transfer of 106 naive TCR-tg cells. Although this
number is 1,000–10,000-fold greater than estimates of
the naive Ag-specific repertoire, the behavior of the trans-
ferred TCR-tg T cells after immunization or infection is
widely believed to accurately model the endogenous
T cell response. However, recent studies have questioned
this assumption, showing that high TCR-tg precursor
frequencies alter specific CD8+ T cell behavior (Hataye
et al., 2006; Kemp et al., 2004; Marzo et al., 2005).
Whether high TCR-tg T cell precursor frequencies cause
a more global alteration in T cell behavior has not been
determined. Here, we directly addressed the impact of
TCR-tg precursor frequency on the numerical and pheno-
typic changes associated with expansion, contraction,
and memory CD8+ T cell generation after infection. The
results indicate that initial TCR-tg precursor frequency
dictates critical aspects of the CD8+ T cell response to
infection. Strikingly, only when the input number of TCR-tg
T cells approximated the endogenous frequency did the
transferred cells exhibit the kinetic, phenotypic, and
functional properties associated with the corresponding
endogenous CD8+ T cell response. Thus, the assumption
that responses from nonphysiologic numbers of TCR-tg
T cells accurately mimic the endogenous response is
incorrect. Importantly, we document that TCR-tg T cells
seeded at a fraction of the endogenous precursor
frequency can be readily studied during the expansion
and memory phases after infection. These data strongly
suggest that studies with TCR-tg T cells should make
every effort to approximate the endogenous precursor
frequency.
RESULTS
An Apparent ‘‘Ceiling’’ in the Effector CD8+ T Cell
Response to Infection
A previous report, based on an adoptive transfer system
with varying input numbers of OT-1 TCR-tg T cells and
DC vaccination, suggested that a ‘‘ceiling’’ exists with
respect to expansion in numbers of effector T cells
(Kemp et al., 2004). We recently showed that DC vaccina-828 Immunity 26, 827–841, June 2007 ª2007 Elsevier Inc.tion, in the absence of inflammation, accelerates the
acquisition of memory properties by the responding
T cells when compared to infection (Badovinac et al.,
2005). The current studies initiated with the hypothesis
that DC immunization caused the ceiling in CD8+ T cell
responses and that such a ceiling may not occur after
infection, where very large endogenous CD8+ T cell
responses can be observed (Butz and Bevan, 1998;
Murali-Krishna et al., 1998).
To address this hypothesis, we transferred graded
numbers (5 3 101 to 5 3 105) of Thy1.1 OT-1 cells from
naive donors into C57BL/6 (B6, Thy1.2) recipients, thereby
allowing us to study the OT-1 and endogenous Ova-
specific CD8+ T cell responses in the same mice. TCR-tg
recipients and control B6 mice were infected with an
actA-deficient strain of L. monocytogenes expressing
ovalbumin (attenuated [Att] LM-Ova) that contains the
Ova257 epitope recognized by OT-1 cells. We evaluated
all groups at 7 days postinfection (day 7 p.i.), the peak of
the endogenous Ova-specific CD8+ T cell response
against Att LM-Ova (Foulds et al., 2002). Control mice
mounted vigorous endogenous Ova-specific responses
in the spleen, representing 21% of CD8+ T cells
(Figure 1A) and 5 3 106 CD8+ T cells per spleen
(Figure 1B). Mice seeded with intermediate (5 3 103–4) or
high (5 3 105) numbers of OT-1 cells exhibited increased
Ova-specific CD8+ T cells compared to controls; however,
consistent with the earlier study (Kemp et al., 2004), these
groups all contained similar numbers of OT-1 TCR-tg cells
in the spleen at day 7 p.i. This number did not result from
incomplete recruitment (Kaech and Ahmed, 2001) be-
cause the responding OT-1 cells were CD44hi after
7 days, and, in separate experiments, all OT-1 cells in the
group with the highest input number had completely
diluted CFSE after Att LM-Ova infection (data not shown).
These data suggest that increasing the precursor
frequency of OT-1 TCR tg T cells limits the efficiency of
effector T cell generation on a per input cell basis.
Consistent with other studies where TCR-tg T cells are
used as models of intraclonal competition (Kedl et al.,
2002), mice containing intermediate or large numbers of
OT-1 cells either completely (5 3 104 or 5 3 105 input
groups) or substantially (5 3 103 input group) inhibited
the endogenous Ova-specific response (Figures 1A and
1B). In contrast, mice containing 5 3 102 OT-1 cells had
a robust endogenous response to Ova, consisting of sev-
eral million Ag-specific CD8+ T cells per spleen at day 7
p.i., despite the presence of >107 OT-1 cells per spleen
at the same time point (Figure 1C). Mice that received 50
OT-1 cells had an endogenous Ova-specific CD8+ T cell
response that was similar to the control mice. Interest-
ingly, theOT-1 response inmice seededwith 50 input cells
reached >106 TCR-tg cells per spleen at day 7. This is
a 20,000-fold expansion in numbers (14 divisions per
input cell) if all of the transferred OT-1 contributed to the
response and all the cells remained in the spleen. How-
ever, previous studies suggest that at least as many Ag-
specific CD8+ T cells distribute throughout the body after
infection (Masopust et al., 2001). In addition, most studies
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Input Numbers of TCR-tg T Cells MatterFigure 1. Magnitude of CD8 T Cell Expansion at day 7 p.i.
Does Not Correlate with Input Numbers of OT-1 Cells
(A) Naive B6 Thy1.2 mice received the indicated numbers of naive
Thy1.1 OT-1 cells and were infected with Att LM-Ova (7 3 106
CFU/mouse). Ova257-specific CD8+ T cells detected by ICS for IFN-g
on day 7 p.i. in representative mice seeded with the indicated
numbers of OT-1 cells. Numbers in the left column represent frequen-
cies of all Ova257-specific CD8+ T cells in the spleen. Numbers in the
right column represent the frequencies of Thy1.1+ OT-1 cells among
all Ova-specific IFN-g-producing cells.suggest a 10%–30% ‘‘take’’ of transferred TCR-tg cells
(Badovinac et al., 2003; Blattman et al., 2002). Together,
these factors increase the potential fold expansion to as
much as 400,000 or 19 divisions per input OT-1 cell in
mice seeded with 50 OT-1. In contrast, OT-1 cells in
mice seeded with 5 3 105 TCR-tg T cells only underwent
a 40- to 400-fold increase on the basis of the same calcu-
lations, suggesting that high initial precursor frequencies
limit the expansion in numbers of effector T cells.
Initial Precursor Frequency Alters the Phenotype
of CD8+ T Cells at Day 7 p.i.
Endogenous Ova-specific effector T cells at day 7 p.i. dis-
play characteristic effector phenotype and function,
where the majority of the cells are CD127lo, CD62Llo, and
CD43(1B11)hi and express detectable intracellular Gzmb
with 50% of the cells producing TNF and the majority
failing to produce IL-2 (Figures 2A and 2B). Strikingly,
OT-1 cells at day 7 p.i. in mice seeded with 5 3 103 or
more TCR-tg cells exhibited a substantially different pat-
tern of expression for each of these molecules. These
OT-1 cells were uniformly CD127hi and Gzmblo, and
most cells produced IL-2 and TNF after stimulation. In
addition, most OT-1 cells at day 7 p.i. in mice seeded
with 5 3 105 TCR-tg cells, a standard dose used in
adoptive-transfer studies, were also CD62Lhi. In contrast,
OT-1 cells in mice that were seeded with 50 or 500 TCR-tg
cells had at day 7 p.i. a surface phenotype and functional
attributes that were similar to endogenous Ova-specific
effector T cells. These data clearly indicate that initial
precursor frequencies that are high enough to squelch
the endogenous CD8+ T cell response have a dramatic
effect not only on the fold-expansion but also the pheno-
type and function of the responding TCR-tg T cells.
We also determined whether input frequency affected
CD127 and CD62L expression on memory OT-1 cells in
the spleen (Figure 2B). More than 90% of splenic OT-1
memory CD8+ T cells at day 36 p.i. expressed CD127 in
mice seeded with 53 103 or more naive OT-1. In contrast,
75%–80% of the endogenous Ova-specific or the OT-1
T cells from mice seeded at 50 TCR-tg cells expressed
CD127. In addition, a substantially greater proportion of
CD62Lhi cells were observed in the progeny of high input
numbers of OT-1 cells compared to the slow acquisition
of CD62L in the progeny of low input numbers of OT-1.
These latter data are consistent with a recent report sug-
gesting that initial precursor frequency controlled lineage
commitment of Tem and Tcm (Marzo et al., 2005).
Sampling human immune responses is limited to analy-
sis of blood lymphocytes. To determine whether blood
T cells would exhibit similar surface-marker expression
as the spleen cells, we analyzed the impact of input
TCR-tg numbers on the phenotype (CD127 and CD62L)
(B) Total numbers (mean ± SD) of Thy1.1+ (OT-1) and Thy1.1 (endog-
enous, Endo) Ova257-specific CD8+ T cells per spleen (n = 2–3 mice
per group). LOD, limit of detection. Data are representative of two
independent experiments.Immunity 26, 827–841, June 2007 ª2007 Elsevier Inc. 829
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Input Numbers of TCR-tg T Cells MatterFigure 2. Initial Precursor Frequency Alters the Functional and Phenotypic Characteristics of CD8+ T Cells Early after Infection
(A) Purified naive OT-1 Thy1.1 cells at the indicated numbers were transferred into B6 Thy1.2mice, and 1 day later, the recipient mice were immunized
with Att LM-Ova. Phenotypic (CD127) and functional (Gzmb and IL-2) status of Ova257-specific CD8+ T cells from representative mice on day 7 p.i.
Gray lines represent the isotype-control staining that was indistinguishable between groups. The percentage of Thy1.1+ (OT-1) or Thy1.1 (Endo)
Ova257-specific CD8+ T cells, or both, that expressed the indicated molecules or produced IL-2 after Ag stimulation is indicated.
(B) The percentage (mean + SD for 2–3 mice per group) of Ova257-specific CD8+ T cells expressing TNF, Gzmb, CD43 (1B11)hi, IL-2, CD127, and
CD62L at day 7 and day 36 (CD127 and CD62L) after challenge.
(C) Expression of CD127 and CD62L on gated OT-1 Thy1.1+ CD8+ T cells detected in the pooled blood samples from the indicated groups at day
36 p.i. Data are representative of two independent experiments.830 Immunity 26, 827–841, June 2007 ª2007 Elsevier Inc.
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Input Numbers of TCR-tg T Cells Matterof OT-1 in the blood at day 36 p.i. (Figure 2C). The same
trend of CD127 (expressed by most cells, but clearly low-
est at in mice that initially received 50 OT-1) and CD62L
expression was observed in blood memory OT-1 cells.
Thus, T cells in the blood are representative of T cells in
the secondary lymphoid organs. In addition, these results
show that it is possible to study memory OT-1 cells
derived from very low input numbers (50) of naive
TCR-tg cells.
Input Precursor Frequency Dictates the Kinetics
and Efficiency of the CD8+ T Cell Response
The results suggested that intermediate to high initial
precursor frequencies have a dramatic effect on the
phenotype of CD8+ T cells examined at the normal peak
of expansion of the endogenous response. Importantly,
expression of many markers by Ag-specific CD8+ T cells
is dynamic with respect to time after stimulation. To limit
animal numbers and also to track the OT-1 response
over time in individual hosts, we transferred a range of
naive OT-1 cells (5 3 101 to 5 3 105) and obtained blood
samples on days 3 through 7 and at several later time
points after Att LM-Ova infection. OT-1 TCR-tg T cell re-
sponses to infection were detectable in the blood of all
groups of mice, even those that received only 50 OT-1
(Figure 3A). Additionally, the pattern of expansion, con-
traction, and generation of memory OT-1 cells was similar
in all groups and coordinate between individuals within
groups (Figure 3B).
However, these data also show that initial precursor fre-
quency substantially impacts the kinetics and magnitude
of the OT-1 response. For example, input number directly
controlled the day when peak frequencies of OT-1 cells
were detected in the blood (Figure 3B). High input OT-1
numbers (5 3 105) resulted in a peak at day 5 p.i., and
intermediate input numbers (5 3 103 or 5 3 104) resulted
in a peak at day 6 p.i., whereas low input numbers (5 3
101 or 53 102) resulted in a peak at day 7 p.i. Importantly,
OT-1 cells from the high and intermediate input groups
had undergone substantial contraction by day 7 p.i. In
part, this may explain the apparent ceiling in the OT-1
response observed by analysis of the spleen only at day 7
p.i. (Figure 1). Thus, evaluation only of the day 7 time
point in mice that received a high input number of OT-1,
a standard approach in the field, could be misleading
with regard to comparison to the endogenous CD8+ T cell
response.
In addition, the magnitude of the peak in the blood was
related to the input number of OT-1 (Figure 3B). However,
this relationship was not apparent when data only from the
standard peak (day 7 p.i.) time point were analyzed (Fig-
ures 3A and 3B). More strikingly, the relationship between
input numbers and magnitude of the peak OT-1 response
was not proportional. Mice seeded with 5 3 105 naive
OT-1 had only 13-fold higher peak frequency of OT-1 cells
than mice receiving 5 3 101 naive OT-1 (Figure 3C),
despite a 10,000-fold difference in input TCR-tg T cells.
These data clearly indicate that high initial precursor
frequencies limit the expansion of TCR-tg T cells.Relatively stable numbers of memory OT-1 were de-
tected from day 13 to day 74 p.i. in all groups
(Figure 3B). However, increasing the input number of
OT-1 cells by 10,000-fold (from 5 3 101 to 5 3 105) only
resulted in 40-fold increase in memory-cell frequency
at day 74 p.i. (Figure 3C). Thus, increasing input numbers
also does not result in a proportional gain in memory CD8+
T cells. Similar data were recently reported for CD4 T cell
responses, where it was concluded that intraclonal com-
petiton may regulate memory T cell numbers (Hataye
et al., 2006). From these data, we conclude that the effi-
ciency of memory-CD8+ T cell generation decreases as
the input number of TCR-tg T cells increases. Together,
these studies also reveal the power, reproducibility, and
sensitivity to kinetic analysis of TCR-tg responses in the
blood of mice containing titrated input numbers of naive
precursors.
Predictive Power of Surface Phenotype
Is Lost at High Input Number
Current data suggest that CD127 expression identifies an
effector population enriched in memory CD8+ T cell pre-
cursors, i.e., those cells that survive contraction (Huster
et al., 2004; Kaech et al., 2003). We addressed the rela-
tionship among CD127 expression, input OT-1 number,
and contraction by analyzing blood samples obtained
from mice seeded with different input numbers of OT-1
cells prior to infection with Att LM-Ova (Figure 4). Repre-
sentative profiles for CD127 and CD62L on blood OT-1
cells at day 7 p.i. are shown in Figure 4A. In the group
with low input numbers, most OT-1 cells exhibited an
effector phenotype and were CD127lo and CD62Llo. In
contrast, most OT-1 cells at day 7 p.i. in the group with
high input numbers were CD127hi and CD62Lhi, a pheno-
type usually associated with Tcm. This increased CD127
and CD62L expression could result from the fact that the
OT-1 response in the group with high input numbers
peaked at day 5. However, kinetic analysis of CD127
and CD62L expression revealed that input numbers had
a substantial impact on the fraction of OT-1 cells express-
ing these proteins (Figure 4B). For example, mice that
received 5 3 103 or more OT-1 already exhibited a high
proportion of CD127-expressing cells on the first day
they could be detected (day 3–5). The fraction of OT-1
cells expressing CD127 rapidly increased in these mice,
exceeding 65% positive by day 7 p.i. and reaching stable
frequencies of 80%–90% positive by day 13 p.i. This is
much faster than reported for endogenous CD8+ T cell
responses after infection (Badovinac et al., 2004; Huster
et al., 2004; Kaech et al., 2003). In contrast, OT-1 cells
responding in mice seeded with low input TCR-tg num-
bers (5 3 101 or 5 3 102) had substantially reduced early
CD127 expression and exhibited a relatively slow increase
in the fraction of CD127-expressing cells, thus mimicking
the endogenous response.
Naive T cells express CD62L, allowing entry into lymph
nodes. Activated CD8+ T cells downregulate CD62L, and
effector populations are usually CD62Llo. The fraction of
memory cells expressing CD62L increases with time,Immunity 26, 827–841, June 2007 ª2007 Elsevier Inc. 831
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Input Numbers of TCR-tg T Cells MatterFigure 3. Input CD8+ T Cell Precursor Frequency Dictates the Kinetics and Efficiency of the CD8+ T Cell Response
Purified naive OT-1 Thy1.1 cells at the indicated numbers were transferred into B6 Thy1.2 mice, and 1 day later, mice were immunized with Att
LM-Ova. Expansion of OT-1 Thy1.1 cells was followed in the blood at indicated days p.i.
(A) Detection of OT-1 cells in the blood of representative mice on day 7 p.i. Numbers represent the frequency of OT-1 cells among PBL.
(B) Kinetic analysis of OT-1 response in the blood. Responses of individual mice in each group are shown.
(C) Frequency of OT-1 cells (mean + SD, n = 3–5 mice/group) detected at the peak (top, day indicated inside bars) of expansion or at a memory
(bottom, day 74 p.i.) time point. Numbers inside panels indicate the fold difference in frequency of OT-1 cells between the groups with the highest
and lowest input numbers. Data are representative of two independent experiments.and thismarker in conjunction with CCR7 and the capacity
to produce IL-2 have been used to differentiate Tcm from
Tem (Sallusto et al., 2004). Importantly, the lineage rela-
tionships between Tem and Tcm (cell subsets as defined
primarily by differences in CD62L expression) have been
evaluated recently with TCR-tg adoptive-transfer models.832 Immunity 26, 827–841, June 2007 ª2007 Elsevier Inc.Although initial studies suggested a linear differentiation
pathway where Tem gave rise to Tcm (Wherry et al.,
2003), this conclusion has been questioned by studies
that suggested stable Tem and Tcm populations in mice
initially seeded with low input numbers of TCR-tg T cells
(Marzo et al., 2005). Consistent with this latter study,
Immunity
Input Numbers of TCR-tg T Cells MatterFigure 4. Precursor Frequency Controls the Degree and Kinetics of CD127 and CD62L Modulation in Responding CD8+ T Cells
(A) Representative CD127 and CD62L expression on OT-1 cells from the blood at day 7 p.i. Shaded histograms represent isotype-control staining.
Numbers represent frequency of cells that are positive for indicated markers.
(B) Kinetic analysis of CD127 and CD62L expression on OT-1 cells at indicated days p.i. Pooled PBL from each group were analyzed.
(C) Expression of CD127 on OT-1 cells from the indicated groups of mice at the peak of the response (day indicated inside the bars).
(D) Degree of contraction of OT-1 cells at day 74 p.i. is normalized from frequencies of OT-1 cells in the blood (calculated as 100%) at day 7 (top) or day
of the peak of the response (bottom). Individual mice are shown. Data are representative of two independent experiments.CD62L expression on OT-1 cells responding to infection
was also dictated by input cell numbers, albeit with
a different pattern than CD127 (Figure 4B). In mice that
received the highest TCR-tg numbers (5 3 105), CD62L
expression only decreased on 60% of the responding
OT-1 cells by day 4 and began to increase 1 day later.
More than 70% of OT-1 cells in this group expressedCD62L by day 13, againmuchmore quickly than observed
with endogenous responses to infection (Wherry et al.,
2003). In contrast, CD62L expression was decreased
substantially at day 6–7 in all other groups; however, input
TCR-tg T cell number dictated the rate at which the
OT-1 cells recovered CD62L expression, with the most
delayed recovery exhibited by the mice containing theImmunity 26, 827–841, June 2007 ª2007 Elsevier Inc. 833
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Input Numbers of TCR-tg T Cells Matterlowest (5 3 101 and 5 3 102) OT-1 input numbers.
Together, these studies show that precursor frequency
controls the fold expansion and both the degree and
kinetics of CD127 and CD62L modulation in responding
T cells.
Whether the groups were compared at day 7 p.i., the
peak of the endogenous response (Figure 4B), or at the
real peak of the expansion in each group (Figure 4C),
most (>65%) OT-1 cells were CD127hi in mice seeded
with 53 103 or more input TCR-tg cells. When contraction
of OT-1 cells at day 74 was normalized to day 7 p.i. in all
groups, the fraction of cells surviving tomemory was high-
est at high and intermediate input number, consistent with
the increased expression of CD127 on these populations
(Figure 4D, top). However, these data are misleading be-
cause normalization based on the true peak of expansion
in each group resulted in only a modest increase in the
percentage of cells surviving in the high- and intermedi-
ate-input-number groups (Figure 4D, bottom). Thus,
CD127 expression of responding OT-1 cells in mice
seeded with high or intermediate numbers of TCR-tg cells
does not identify populations enriched in memory precur-
sors. These studies clearly indicate that expression of
CD127 does not, in itself, protect responding T cells
from contraction. More importantly, these data reveal
that surface markers such as CD127 are not reliable pre-
dictors of T cell-subset behavior, when derived from
high input numbers of TCR-tg cells. Finally, these results
were generalizable and not solely a consequence of in-
fecting mice with a high dose of Att LM-Ova because
mice seededwith nonphysiologic numbers of TCR-tg cells
exhibited similar alterations in response kinetics and the
phenotype of the responding OT-1 cells after infection
with (1) lower doses of Att LM-Ova, (2) virulent LM-Ova
(0.1 LD50), or (3) vaccinia virus expressing the Ova257
epitope (data not shown).
TCR-tg T Cells Can Be Studied as a Fraction
of the Endogenous Response
The repertoire of naive T cells specific for any particular Ag
consists of a relatively small number of cells, most of
which express unique TCR (Blattman et al., 2002; Bousso
et al., 1998; Casrouge et al., 2000; Kedzierska et al., 2006;
Pewe et al., 2004). Ideally, TCR-tg T cells would be studied
as one specificity, present at one or a few cells, among
a diverse repertoire responding to infection to mimic the
endogenous response. In addition to the physiologic
relevance of this low-number adoptive-transfer approach,
the ability to obtain sufficient numbers of TCR-tg T cells
from the blood of naive donor mice allows a single TCR-tg
mouse to serve as donor for multiple experiments,
thus maximizing resources. We sought to determine the
minimum number of transferred OT-1 cells that would
yield detectable and reproducible expansion in the blood
and spleen after LM-Ova infection. We obtained 200 ml
(1 3 106 PBL) of blood from a naive OT-1 donor and
determined that 17.5% of total PBMCwere TCR-tg based
on Vb5 and CD8+ coexpression (Figure 5A). We then
transferred PBL, containing 350, 70, 14, or 3 OT-1834 Immunity 26, 827–841, June 2007 ª2007 Elsevier Inc.cells into recipient mice (Figure 5B). Readily detectable
OT-1 responses were observed in the blood at day 6 p.i.
with Att LM-Ova of all mice that received 14 or more
OT-1 cells prior to infection (Figures 5B and 5C). Remark-
ably, at least one of four mice that received approximately
three naive OT-1 made a detectable response in the
blood. Despite the potential for variability after injecting
such small numbers of OT-1 cells, the responses within
each group were surprisingly consistent and input-dose
responsive on the basis of the percent of OT-1 of total
PBL (Figure 5B) or as a fraction of CD8+ blood cells (Fig-
ure 5C). In addition, the massive expansion of the low
numbers of transferred OT-1 cells after infection was not
a result of the somewhat variable but usually small fraction
of CD44hi cells found in naive donors (Figure S1 in the
Supplemental Data available online). Thus, the immune
system is remarkably efficient in identifying, activating,
and vigorously expanding even extremely low numbers
of naive TCR-tg T cells, and the CD8+ T cell response to
infection can be modeled in the blood with input numbers
of TCR-tg T cells representing a fraction of the endoge-
nous repertoire.
Functional analysis of endogenous andOT-1 responses
in the spleen at day 7 p.i. yielded similar results; again, all
mice that received14 ormore TCR-tg cells had a detect-
ableOT-1 response (Figures 5D and 5E). This analysis also
confirmed the OT-1 response from the one mouse that
received approximately three OT-1. There are several
additional important points from this experiment. First,
injection of 350 or less OT-1 cells had minimal impact
on the overall magnitude of the Ova-specific CD8+ T cell
response when compared to the response observed in
control mice that did not receive OT-1 cells (Figures 5D
and 5E). Second, mice that received 70 TCR-tg cells
had equivalent endogenous Ova-specific and OT-1
responses in the spleen at day 7 p.i. (Figure 5E). Impor-
tantly, mice seeded with only 50 OT-1 had 1 3 105
memory OT-1 cells in the spleen at day 36 p.i. (data not
shown); thus, memory can be generated and studied
with input numbers of TCR-tg T cells below the endoge-
nous precursor frequency. Interestingly, mice seeded
with 14 OT-1 cells yielded a TCR-tg CD8+ T cell
response representing 15% of the total Ova-specific
response at day 7 p.i. In these mice, the 14 OT-1 cells
underwent at minimum 50,000-fold expansion (16
division) or 500,000-fold expansion if corrected for take
(21 divisions) to 7 3 105 cells per spleen. These data
provide strong evidence that TCR-tg adoptive-transfer
studies can be successfully undertaken when input
number of naive TCR-tg T cells represents only a fraction
of the endogenous precursors and thus approaches a true
representation of T cell physiology. Of equal importance,
the phenotype of the TCR-tg cells at day 7 p.i. in mice
receiving 70 OT-1 was superimposable for CD127 and
CD62L expression with the endogenous Ova-specific
CD8+ T cells in the samemice (Figure 5F). Together, these
data strongly argue that TCR-tg T cells behave like the
endogenous response only when present at or below the
endogenous precursor frequency.
Immunity
Input Numbers of TCR-tg T Cells MatterInitial Precursor Frequency Affects the P14 TCR-tg
Response to Infection
One important question is whether the response of other
TCR-tg T cells is also dictated by initial precursor fre-
quency or if this phenomenon is limited to OT-1 cells. To
address this question, we used P14 mice that are trans-
genic for a TCR specific for the LCMV GP33-41 epitope
(Ashton-Rickardt et al., 1994). Initially, we transferred
either 4 3 105 or 4 3 103 splenic P14 Thy1.1 cells into
B6 recipients 1 day prior to infection with LCMV and sub-
sequent analysis in the blood. Similar to the OT-1 model,
mice that initially had high input numbers of P14 cells
exhibited a peak in the blood at day 6 p.i. and contracted
by day 8, whereas the P14 cells in mice seeded with 100-
fold fewer TCR-tg cells continued to increase until day
8 p.i. (Figure 6A). Although not as dramatic as the OT-1
model, P14 cells at day 8 p.i. in mice seeded with 4 3
105 input TCR-tg cells displayed a higher fraction of
CD127- and CD62L-positive cells than P14 cells that
arose from 4 3 103 input TCR-tg T cells (Figure 6B)
Thus, initial precursor frequency also alters the kinetics
and phenotype of P14 TCR-tg T cells responding to
LCMV infection.
Previous studies used a titration approach with P14
cells (corrected for ‘‘take’’) to suggest that the endoge-
nous repertoire of GP33-specific CD8+ T cells was in the
range of 50–100 cells per spleen (Blattman et al., 2002).
A major assumption in this approach is that a single TCR
can be used to model a diverse repertoire. A subsequent
study estimated TCR repertoire diversity on the basis of
sequencing a subset of GP33-specific TCR and sug-
gested that B6 mice may contain 1000-1500 precursors
(Pewe et al., 2004). Importantly, evaluation of the P14
response in the blood at day 8 after LCMV infection of
mice seeded with 6–6,000 input TCR-tg cells demon-
strated detectable responses in all mice that received
approximately six (approximately two TCR-tg cells per
recipient with a ‘‘take’’ of 30%) or more P14 cells (Fig-
ure 7A). Again, the response between groups was depen-
dent on the dose of input cells and very reproducible
within groups (Figures 7A and 7B). As opposed to the
OT-1 model where 53 103 input cells predominantly elim-
inated the endogenous response, a robust endogenous
GP33-specific CD8+ T cell response could be detected
even in mice initially seeded with 6,000 P14 cells (Figures
7C and 7D). Importantly, the phenotype of the endoge-
nous GP33-specific CD8+ T cells and P14 cells in the
spleen with respect to CD127 and CD62L expression
was essentially identical with an input number of 6,000
P14 cells (Figure 7E). Thus, compared to OT-1 and LM-
Ova infection, 10-fold higher numbers of P14 T cells
can be transferred and still mimic the endogenous
response to LCMV infection. These data indicate that
the precise numbers of TCR-tg T cells that can mimic
the endogenous responsemust be empirically determined
for each model. However, the results from both model
systems demonstrate that adoptive transfer of high
numbers of TCR-tg T cells, the standard practice in the
field, will substantially alter the kinetics, magnitude ofexpansion, and phenotype of the responding T cell
populations.
DISCUSSION
The use of TCR-tg T cells in adoptive-transfer assays has
been widely employed to study the T cell response to
infection or vaccination. In most studies, representing
more than a thousand publications to date, 106 or more
TCR-tg T cells are transferred into naive mice prior to
initiating infection or immunization. Despite the fact that
these mice now contain 1,000- to 10,000-fold more Ag-
specific naive precursors than the endogenous repertoire,
the response of these high numbers of TCR-tg T cells has
been widely assumed to accurately mimic the endoge-
nous T cell response to infection. It is only recently that
this notion has been challenged by experiments showing
that precursor frequency can affect specific aspects of
the T cell response (Hataye et al., 2006; Kemp et al.,
2004; Marzo et al., 2005). Here, we show that most facets
of the CD8+ T cell response, including kinetics, prolifera-
tion, surface-molecule expression, effector function, and
the efficiency of memory generation are substantially
altered when the initial number of TCR-tg T cells is suffi-
ciently high to inhibit the endogenous CD8+ T cell
response to the same Ag. Given that the T cell response
evolved to initiate from rare precursor cells, these results
may not be surprising. However, the data suggest that
the use of TCR-tg T cells to model the endogenous
CD8+ T cell response may only be reliable under condi-
tions where these cells represent only a fraction of the
endogenous repertoire.
Our data indicate that the behavior (kinetics, prolifera-
tive expansion, phenotype, and function) of CD8+ T cells
is progressively altered from the endogenous response
as the number of naive TCR-tg T cells transferred
increases. However, comparison of the OT-1 and P14
TCR-tg systems, stimulated by Att LM-Ova or LCMV
respectively, suggest that the precise number of naive
TCR-tg needed to mimic the endogenous response will
depend on the model system. For example, transfer of
5 3 103 OT-1 substantially inhibited the endogenous
Ova-specific CD8+ T cell response, accelerated the
peak, and compromised the proliferative responses of
the OT-1 cells and resulted in the abnormally fast downre-
gulation of Gzmb and accelerated acquisition of memory
phenotype and cytokine profiles compared to the endog-
enous response or lower input numbers of OT-1. In
contrast, mice that received 4 to 6 3 103 P14 cells still
mounted a robust endogenous CD8+ T cell response;
the P14 cells proliferated extensively and exhibited
a normal day 8 peak and also had CD127 and CD62L
expression that was superimposable to the endogenous
GP33-specific response. Thus, a ‘‘one-size-fits-all’’
approach to determining how many TCR-tg T cells to
use in mimicking the endogenous CD8+ T cell response
is not likely to be successful.
What variables control the number of naive TCR-tg
T cells that both permit and behave with similarImmunity 26, 827–841, June 2007 ª2007 Elsevier Inc. 835
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Input Numbers of TCR-tg T Cells MatterFigure 5. OT-I TCR-tg T Cells at Low Input Numbers Can Be Followed In Vivo and Behave as an Endogenous CD8+ T Cells after
Infection
Blood from an OT-1 Thy1.1 mouse was used as a source of naive TCR-tg cells that were transferred into naive B6 Thy1.2 mice 1 day before Att
LM-Ova infection.
(A) Frequency of OT-1 (Vb5+ CD8+) in the blood of the donor mouse used for calculation of OT-I numbers transferred.
(B) Detection of OT-1 cells in the blood of the recipient mice on day 6 p.i. Numbers represent the frequency of OT-1 cells among PBL. Individual mice
are shown.
(C) Frequency of OT-1 cells out of total CD8+ cells in the blood.
(D) Ova257-specific CD8+ T cells detected in the spleen by ICS for IFN-g on day 7 p.i. in representative mice that received the indicated numbers of
OT-1 cells. Numbers in the left column represent frequencies of all Ova257-specific CD8+ T cells in the spleen. Numbers in the right column represent
the frequencies of Thy1.1+ OT-1 CD8+ T cells among all IFN-g-producing cells.
(E) Total numbers (mean ± SD) of Thy1.1+ (OT-1) and Thy1.1 (endogenous, Endo) Ova257-specific CD8+ T cells per spleen (n = 3–4 mice per group).
Numbers inside the panel indicate that one out of four analyzed mice had detectable OT-1 response in the group with the lowest input number.836 Immunity 26, 827–841, June 2007 ª2007 Elsevier Inc.
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Input Numbers of TCR-tg T Cells Mattercharacteristics to an endogenous response? Activated
OT-1 cells exhibit a relatively high functional avidity com-
pared to the endogenous Ova-specific response (V.P.B.
and J.T.H., unpublished data). In contrast, P14 TCR-tg
T cells may fall within the normal spectrum of the endog-
enous GP33-specific CD8+ T cell response (Blattman
et al., 2002). Thus, specific characteristics (affinity and
avidity) of the TCR may be relevant. The ability to study
the response of low numbers (10–50 input cells) of
TCR-tg T cells in the context of an endogenous response,
as shown here for both OT-1 and P14 cells, is the best way
to approximate the normal contribution of any specific
Figure 6. Initial Precursor Frequency Alters the Kinetics and
Phenotype of P14 TCR-tg T Cells Responding to LCMV
Purified naive P14 Thy1.1 cells (4 3 103 or 4 3 105) were transferred
into B6 Thy1.2 mice, and 1 day later, the recipient mice were infected
with LCMV. Expansion of P14 Thy1.1+ cells was followed in the blood
at indicated days p.i.
(A) Kinetic analysis of P14 responses in the blood. Responses of
individual mice from each group are shown.
(B) CD127 and CD62L expression on gated P14 cells from pooled
blood samples from each group at day 8 p.i. Shaded histograms
represent isotype-control staining. Numbers represent the frequency
of P14 cells that are positive for CD127 or CD62L. Data are represen-
tative of two independent experiments.TCR to an immune response and still allow the experimen-
tal manipulations (adoptive transfer, comparison of gene
deficient, and wild-type TCR-tg T cells in the same host)
that provide such powerful tools for comparative analysis
of T cell function. Similarly, the infection or vaccination
model may be an important variable in determining the
appropriate number of TCR-tg T cells to mimic the endog-
enous response. LCMV infection stimulates an extremely
robust endogenous CD8+ T cell response to the GP33
epitope. This may be because of a relatively high number
of naive precursors specific for this epitope (Pewe et al.,
2004). An elevated endogenous precursor frequency
may increase the number of TCR-tg cells needed to
outcompete the endogenous response. In total, our data
suggest that adoptive transfer of TCR-tg numbers that
permit a concurrent and substantial endogenous
response will also permit the TCR-tg T cells to behave
as the endogenous response. However, this number
must be empirically determined for each model system
by careful titration experiments and concurrent evaluation
of the endogenous T cells response to the same Ag.
If we accept that TCR-tg T cells only mimic the endog-
enous response when initially present at numbers that
approximate the endogenous repertoire, what can be
learned from experiments with high input numbers of
TCR-tg T cells? Although our results strongly suggest
that the default choice to use ‘‘standard’’ high numbers
(106) of input numbers of TCR-tg T cells will invariably
mislead investigators, we believe that careful titration
experiments can still inform the field with respect to the
behavior of T cells. The strongest correlations we
observed with high input TCR-tg T cell numbers were
with altered kinetics, reduced proliferative expansion after
infection, and the atypical modulation of surface pheno-
type. For example, robust expansion consisting of 16–19
divisions from the endogenous CD8+ T cell repertoire or
low numbers of input TCR-tg T cells was associated
with a peak at day 7–8 p.i. and the manifestation of an
effector phenotype (CD127lo, CD62Llo, CD43 (1B11)hi
and function, TNFint, and IL-2lo) in most IFN-g-producing
OT-1 T cells. Expression of each of these markers was
essentially the opposite in OT-1 TCR-tg cells that were
seeded at high (5 3 105) or intermediate (5 3 103–4) num-
bers prior to infection. The OT-1 cells seeded at high or
intermediate input numbers underwent greatly reduced
expansion in numbers (200- to 4000-fold, or 8–12 divi-
sions) after LM-Ova infection. These data suggest that
the molecular processes imprinting the normal regulation
of surface molecules may critically depend on events that
occur during the terminal four to six divisions that take
place from low input numbers of TCR-tg cells. This notion
is consistent with recently described differences in con-
version from Tem to Tcm depending on whether the start-
ing number of TCR-tg T cells was relatively high or in the(F) Representative profiles of CD127 and CD62L expression on gated endogenous (Endo) Ova257-specific or OT-1 CD8+ T cells in the spleen at day
7 p.i. Profiles are from mice that received 70 OT-1 cells, indicated by the box. Shaded histograms represent isotype-control staining. Numbers
represent the frequency of Ova257-specific CD8+ T cells that are positive for CD127 or CD62L. Data are representative of three independent
experiments.Immunity 26, 827–841, June 2007 ª2007 Elsevier Inc. 837
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Input Numbers of TCR-tg T Cells MatterFigure 7. P14 TCR-tg Cells at Low Input Numbers Mimic the Endogenous CD8+ T Cell Response after LCMV Infection
Blood from a P14 Thy1.1+ mouse was used as the source of the indicated numbers of naive TCR-tg cells, which were transferred into naive B6 Thy1.2
mice 1 day before LCMV infection.
(A) Detection of P14 cells in the blood of recipient mice on day 8 p.i. Numbers represent the frequency of P14 cells among PBL. Individual mice are
shown.
(B) Frequency of P14 TCR-tg T cells of all CD8+ cells in the blood.838 Immunity 26, 827–841, June 2007 ª2007 Elsevier Inc.
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Careful evaluation of the molecular regulation of these
gene products under conditions of TCR-tg T cells with
low and high input numbers are likely to provide an impor-
tant tool to address the role of division history in regulating
the phenotype of CD8+ T cell populations.
In addition, the titration experiments and ensuing mod-
ulations in proliferation and phenotype of the responding
TCR-tg T cells allow us to address several outstanding
issues in T cell biology. Much recent effort has been
devoted to identifying memory CD8+ T cell precursors
(those cells that will survive contraction) at the peak of
the effector stage of the response to infection (Badovinac
and Harty, 2006; Kaech et al., 2002a; Kaech et al., 2003;
Madakamutil et al., 2004; Wong et al., 2004). For example,
CD127 expression at this time point was suggested to
define a population enriched for memory precursors (Hus-
ter et al., 2004; Kaech et al., 2003). Our titration experi-
ments reveal that the degree of CD8+ T cell contraction
was predominantly unaffected by the input numbers of
TCR-tg T cells when the actual peak of the response
was identified by kinetic analyses. This occurred despite
the fact that the vast majority of OT-1 T cells (60%–70%)
were CD127 positive at the respective peak of the expan-
sion phase in mice that were seeded with 53 103 or more
TCR-tg T cells. These data support previous studies sug-
gesting that CD127 expression itself was insufficient to
protect T cells from contraction (Badovinac et al., 2005;
Lacombe et al., 2005) and underscore the problem in
using phenotypic markers, which may be meaningful in
discriminating T cell populations that derive from endoge-
nous numbers of precursors, to characterize T cells that
are generated from nonphysiologic precursor frequen-
cies. In addition, our data dispute one prevailing
model—that T cell populations that undergo less prolifer-
ation will generate higher memory (undergo less contrac-
tion). Indeed, a 10,000-fold increase in input OT-1 num-
bers only resulted in a 40-fold increase in memory OT-1
cells after infection. Thus, decreased proliferation and
the associated accelerated acquisition of memory pheno-
type observed with nonphysiologic input numbers of
TCR-tg T cells actually results in less efficient generation
of memory T cell numbers. This finding is not unique to
CD8+ T cells because it has recently been reported for
CD4 T cell memory generation (Hataye et al., 2006).
Thus, we feel that carefully designed TCR-tg titration
experiments and comparisons with the endogenous
T cell response can address the role of proliferation in pro-
gression of T cells through the effector to memory stages
of the immune response.In summary, our results provide strong evidence that
adoptive transfer of high numbers (106) of TCR-tg T cells,
the standard approach in the field for the last decade, can-
not be used to accurately mimic the endogenous CD8+
T cell response to infection. In some instances, such as
the OT-1 model of LM-Ova infection, transfer of as few
as 5 3 103 TCR-tg cells still results in an abnormal
response, although this number appears appropriate for
studies of the P14 cells responding to LCMV infection.
Thus, every strategy to use TCR-tg T cells to mimic the
endogenous response should start with a careful titration
of input precursor numbers. Our results may have partic-
ular importance for the emerging areas of multiphoton
imaging to evaluate early events in the immune response;
for these events, most investigators use adoptive transfer
of high numbers of labeled TCR-tg T cells and Ag-laden
DC to more readily visualize interactions. Given the aber-
rant T cell responses observed after infection of mice with
high input numbers of TCR-tg T cells, it seems plausible
that early interactions of these cells may also be affected
by high precursor numbers. Thus, we strongly suggest
that every effort be made to work toward minimizing the
number of TCR-tg T cells evaluated in any experiment
where understanding the endogenous T cell response is
the goal. As shown here, it is readily possible to detect
and characterize effector and memory CD8+ T cell
responses derived from TCR-tg cells seeded at numbers
representing only a fraction of the endogenous repertoire.
After all, this situation represents true physiology and is
likely to present the most accurate platform for applica-
tions of TCR-tg T cells toward modeling the endogenous
T cell response to infection or vaccination.
EXPERIMENTAL PROCEDURES
Mice, Bacteria, and Virus Infection
C57BL/6 (B6, Thy1.2) mice were from the National Cancer Institute.
OT-1 (Ova257-specific) and P14 (GP33-specific) transgenic Thy1.1
mice were described (Ashton-Rickardt et al., 1994; Hogquist et al.,
1994). Pathogen-infected mice were housed at appropriate biosafety
conditions. Mice were used at 6–10 weeks of age. Animal experiments
were performed under approved Institutional Animal Care and Use
Committee protocols. Att LM-Ova was grown, injected i.v., and quan-
tified as described (Badovinac et al., 2005; Foulds et al., 2002). The
Armstrong strain of LCMV (2 3 105 pfu/mouse i.p.) was used as
described (Badovinac et al., 2002).
Adoptive-Transfer Experiments
Thy1.1 OT-I and P14 cells were purified from the spleens of naive
donors by negative selection to enrich for CD8+ cells (StemSep) and
were transferred at the indicated numbers into naive B6 Thy1.2 mice
and this was followed one day later by infection with either(C) GP33-specific splenic CD8+ T cells detected by ICS for IFN-g on day 7 p.i. in representative mice that received the indicated numbers of P14 cells
before infection. Numbers in the left column represent frequencies of all GP33-specific CD8+ T cells in the spleen. Numbers in the right column
represent the frequencies of Thy1.1+ P14 CD8+ T cells among all IFN-g-producing cells.
(D) Total numbers (mean ± SD) of Thy1.1+ (P14) and Thy1.1 (endogenous, Endo) GP33-41-specific CD8+ T cells per spleen (n = 3 mice per group).
(E) Representative profiles of CD127 andCD62L expression on gated endogenous (Endo) GP33-specific or P14 CD8+ T cells in the spleen at day 8 p.i.
Profiles are from mice that received 6000 P14 cells, indicated by the box in (E). Shaded histograms represent isotype-control staining. Numbers
represent the frequency of GP33-specific CD8+ T cells that are positive for CD127 or CD62L. Data are representative of two independent
experiments.Immunity 26, 827–841, June 2007 ª2007 Elsevier Inc. 839
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Input Numbers of TCR-tg T Cells MatterAtt LM-Ova or LCMV. In some experiments TCR-tg T cells were ob-
tained from the blood of naive donors. The actual number of cells
transferred was verified by costaining for CD8+ and b-chain of the
transgenic TCR.
Antibodies and Peptides
Antibodies of the indicated specificity with appropriate fluorochromes
were used: IFNg (clone XMG1.2, eBioscience), CD8+ (53-6.7, Phar-
mingen), Thy1.1 (OX-7, Pharmingen), TNF (MP6-XT22, eBioscience),
CD127 (A7R34, eBioscience), CD62L (MEL-14, eBioscience), IL-2
(JES6-5H4, Pharmingen), anti-human Granzyme B (Caltag), isotype
controls IgG2a and IgG2b (eBR2a, KLH/Gb-1-2, eBioscience), and
mouse IgG1 (Caltag). Ova257-264 and GP33-41 peptides were
described (Hogquist et al., 1994; Murali-Krishna et al., 1998).
Quantification of Ag-Specific CD8+ T Cells
The magnitude of the epitope-specific CD8+ T cell response was
determined either by intracellular IFN-g staining (ICS) as described
(Badovinac et al., 2002) or by staining for Thy1.1 marker exclusively
expressed on transferred TCR-tg cells. For determination of TCR-tg
T cells in the blood, small samples (20 ml) were obtained from tail-
tip snips at the indicated days p.i. and were processed for individual
determination of Thy1.1 CD8+ TCR-tg cells or pooled within groups
for additional phenotypic analysis. The number of TCR-Tg T cells
(Thy1.1+ CD8+) is presented as frequency of PBL or of CD8+ cells.
Supplemental Data
One figure and Experimental Procedures are available at http://www.
immunity.com/cgi/content/full/26/6/827/DC1/.
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